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Abstract

A phenomenological law is proposed for the description of the mechanical behavior of &r 782 identification of the parame-
ters of the constitutive law, from macroscopic stress—strain curves of polycrystalline samples deformed in channel die compression at
room temperature, indicates a good description of experiment. The implementation of the phenomenological law into a finite element
code, with a Coulomb law for a more realistic description of the experimental conditions, shows good agreements between the experi-
mental and calculated curves, and allows to describe the evolution of stress heterogeneities and of the parameters of the identified law
in the samples with the plastic deformation. Moreover, the analysis of the identified parameters, from calculations performed with a
self-consistent model with the initial textures of the analyzed samples, confirms the role of the active deformations modes during plastic
deformation.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction 2. Presentation of the constitutive law

The study of the correlation between the plastic defor- In the present study a phenomenological law, according
mation modes and the mechanical behavior of zirconium to expression (1), is proposed for the description of the me-
alloys have been the subject of many investigatifdns]. chanical response of Zr 7&@%amples deformed in channel
For these hexagonal materials, different modes may be ac-die compression tests:
tive: slip glide and/or twinning. Concerning the slip systems,
prismatic glide is reported to be the main active one and 5 — ¢ + opi[l — exp(—ne)]2W + osafl — W],
first order pyramidal and basal slips are reported as the SEC _ oy D(—re?) (1)
ondary slip mode$3-6]. Tensile twinning of{101 2} type o
or{liz1) _type may also be z_act|v[a—3]. In qrder o inter- whereog, opl, 0sas N, I ands are the parameters which de-
pret experimental macroscopic stress—strain curves from the S .

: . . pend on the initial texture of the deformed samptess a
active deformation modes, polycrystalline models such as

the Taylor[7], the statid8] or self-consisten9—11] models MACroscopic stress gnﬁa macroscopic strain which can
- : . be related to generalized macroscopic stress and strain ten-
may be used. Another way of predicting or simulating the

mechanical response of materials is to use an approach based > (respectively) as expressed below. The deformation pro-

. L . cess is considered here as a good approximation of rolling
on the identification of phenomenological laws through the -

X ) - conditions. The tests were performed at room temperature
calculation of phenomenological parametfr2]. The aim

L : o on Zr 702x polycrystalline samples with a fine grain size
of the present work is: (i) to determine a constitutive law ) :
- . . . (15-20pm). In the channel die compression test, the sam-
for the description of the mechanical behavior of a zirco-

nium alloy (Zr 7020): (i) to analyze the identified param- ples were cut out from an initial sheet and recovered 3 h at

e . 450°C. The initial sheet presents a strong concentration of
eters of the law through finite element calculations and a ; -
: (c) axes along its normal direction (see {8002 pole
self-consistent model.

figure and thep; = O section of the orientation distribution

function (ODF) in the Euler space ig. 1) [13]. By con-

sidering the different possible orientations of the samples
* Corresponding author. in the channel die device, three initial textures, named ND,
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and the generalized deformatién= (2/+/3)e. These rela-
: ; ... tions are obtained by assuming an isotropic hardening dur-
LDo pH1 ° ing plastic deformation in the channel die device and can
then be used in a finite element code (Seetion 4. A val-
—— idation of the constitutive law for the different initial tex-
(e tures (ND, LD and TD) and for the analysis of the possible

™ \/_\ distribution of the identified parameters is possible.
1]
f

3. Calculation of the parameter s—experimental and
8 L : : calculated stress-strain curves

phi2 can consider the Von Mises equivalent stréss (v/3/2)c
0

Fig. 1.{0002 pole figure (Max= 8.90; levels 1-8) ang; = 0 section In the present work. the phenomenological parameters
of the initial sheet (harmonic method, crystal ax€s,(C, and C3) such P ’ P 9 P el

asCi1// < 1010>, C2//(1120) andCsz// < 0002>, maximum value Opls Osat N, S a_md r were Calcu_lated from the_ experimen- ]
of the ODF: 4.20). tal stress—strain curves by an inverse analysis method. This

approach as already been used by Pi[{ti?] and other au-
thors[20-22]for the identification and the characterization
of the mechanical behavior of materials under various load-
d’ngs (tension, compression, torsion, etc.). The calculations
are performed in the present work with the OPTPAR code

direction and are lengthened along the LD direction. Any : :

elongation along the TD direction is forbidden during the [20]. For a se.t of experlmentalegglnts formally represented
deformation process. These textures were defined such asby.a vector Wl}g}p componlentsM and a set of calculatgd
noting NDy, LDo and Ty the initial normal, longitudinal points notedvi®® (vector withp components associated with

exp . . ;
and transverse directions of the initial sheet respectively, we'vI , determined _fro_m a given model), Fhe relative eriE@_r
between the predictions of the calculations and experiment

LD and TD were defined. In the device, ND represents the
normal direction, LD the longitudinal direction and TD the
transverse direction. The samples are reduced along the N

have: can be defined by:

NDtexture : NO/NDg LD//LDg TD//TDg 57 [MeXP_Mcal]z

LDtexture: ND//LDg LD//NDy TD//TDg E, = 2=t i @
TDtexture : NI¥/TDg LD//LDo TD//NDg P IMPR2

The initial geometry was such &g = 8.6 mm,Lg = 11 mm where the summation is performed over the experimental
andlp = 6 mm, hg, Lo andlg being the initial height, length  data points. This term is calculated for each initial texture.
and width of the samples. All the samples were deformed The comparison between the experimental stress—strain
at an initial deformation strain rate of 9 10 °s~1. The curves of ND, LD and TD textures and the predicted ones,
deformation rate is defined bye = [In(h/ hg)|, whereh is from the calculated parameters according to (1), can be seen
the height of the sample under the applied stress. The truein Fig. 2 One can notice a good agreement between the pre-
stress—strain curves (&) were determined for the different  dictions (dotted lines) and experiment (full lines). The val-
textures. Herer ande represent the NN components of the ues associated to these calculations are preseniietla 1
macroscopic stress and macroscopic deformation tensorsThis table also indicates the relative errdts for all the
respectively. samples. Values &, lower than 1% are always determined.

In relation (1),0¢ is a reference stre&sm[l—exp(—ne)]2 The anisotropy of the mechanical response of the ana-
a stress contribution due to plastic deformation in the ma- lyzed zirconium alloy is characterized by the variety of the
terial andosgta saturating stress value. Tiéterm can be values of the calculated parameters. The direct interpreta-
interpreted as a volume fraction of the material associatedtion of these parameters is not obvious since they appear in
to the plastic deformation in the material ad— W) can a quite complex expression of versuse. Table 1shows
be interpreted as the complementary volume fraction associ-that then parameter, and consequently the-{&xp(—ne)]?
ated to thergaistress valuew equals to 1 at the beginning of  term (notedF), has a little influence on the stress response
the deformation process and always remains lower than thisof the samples when plastic deformation increases dince
value.Eg. (1)corresponds therefore to a phenomenological tends rapidly to 1 for the calculatedvalues. The evolution
mixture law with two main contributions in the polycrys- of F versus the deformatioa is shown inFig. 3. For the
talline material: thé/V volume fraction and its complemen- main part of the curves: (> 0.1) F is practically equal to 1.
tary volume fraction(1 — W). This type of law of mixture  Then, the following relation (3) gives a good description of
has already been used by several autfibts-19] the macroscopic stress—strain curves with increasing plastic

It is important to note that for the establishment of a con- deformation for the calculateg, opi, osap I ands param-
stitutive law for the analyzed textures, as a first approach, oneeters:
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Fig. 2. Experimental (full lines) and the calculated (doted lines) true stress—strain curves for the ND, LD and TD textures; channel die compression
tests.
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Fig. 3. Evolution of theF = [1 — exp(—ne)]? factor with the plastic deformation ratefor ND, LD and TD.



46

Table 1
Identified parameters of the phenomenological law for the ND, LD and
TD initial textures

ND LD D
oo 27 81 34
opl 505.651 458.793 310.099
Osat 919.268 882.282 1533.265
n 79.886 62.6831 97.827
r 13.418 17.990 0.549
s 1.243 2.144 0.759
Error, E; (%) 0.24 0.60 0.51

3)

It is important to note that this relation corresponds to the
expression proposed by Hockett and Shdd8] and Lloyd

and Kenny{19] for aluminum,a-uranium andx-iron alloys
deformed at room temperature in tension. The authors pro-
posed this phenomenological relation (for whi¢tappears)

in order to generalize the phenomenological law propose
by Voce[23] (for which only ¢* appears).

0 = 00 + 0sat— (0sat— opl) €XP(—re’)

d

4. Analysis and discussion

In this section the interpretation of the good correlation
between the experimental and predicted stress—strain curve
is carried out by: (i) the introduction of the identified param-
eters in a finite element code in order to characterize stres
heterogeneities and the distribution of téparameter in
the analyzed samples; (ii) the analysis of the active defor-
mation modes in the different samples in order to interpret
the W term in expression (1).

4.1. Implementation of the constitutive law in a finite
element code

In order to validate the constitutive behavior identified
by an analytical analysis of the plane compression tests for
various textures, finite element simulations were carried out
for each texture. In a first approach, an isotropic finite ele-
ment code (the FORGE2software) was used. The numeri-
cal simulations were considered for the three different spec-
ified textures using the Von Mises equivalent stress for the
description of the behavior law as describedSection 2
As a first step, the following expression was chosen for the
stress tensas for the calculations of the Von Mises equiv-
alent stress:

LD TD ND
o 0 o

7Zlo -io o0
0 0 —0

whereo is given with (1). A very small friction described
by the use of the Coulomb law, with a friction constant=

0.05, is considered in the present work between the tools ande — E=—-M*0o—-X)
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the samples in order to have a more realistic description of
the experimental conditions (use of a Teflon lubricant). The

variation of the compression force along ND which depends
on the specimen height is compared with the experimen-
tal curves Fig. 4). It can be seen that a good agreement is

obtained between the numerical finite element computation
and the experiment. These results allows to confirm the per-
tinence of the proposed analytical model and the accuracy
of the identification procedure.

On the other hand, the finite element calculations of
Figs. 5 and &how the distribution of the Von Mises equiva-
lent stress (Fig. 5 and the distribution of thg/ parameter
(Fig. 6) for ND, LD and TD ate = 40%. Forg andW,
the same maximum levels are used for comparing the three
initial textures. Stress heterogeneities are very important in
ND: there are maximum stress valuestat5® from ND in
the (ND, LD) plane. The lower stresses are obtained for TD,
an intermediate situation is observed for LD. Concerimng
the repatrtition is quite uniform in TD, very heterogeneous
in ND for which large differences are obtained. Again, an
intermediate situation is obtained for LD.

It appears then that the use B§. (1) allows a good de-
scription of the experimental stress—strain curves. Moreover
the W parameter associated to plastic deformation in the
samples presents characteristic evolution for ND, LD and

JD. If one considers in expression (1) thdt— W) repre-

sents the volume fraction of the material associated with the

gSaturating stress valuesa, the W parameter can then rep-

resent the activities of the deformation modes in the sam-
ples.W can then measure the easiness of dislocation glide
on slip systems or the activation of twinning. The evolution
of Wwith plastic deformation is presentedfiig. 7 for ND,

LD and TD. According to this figure, the/ fraction is rela-
tively important for the TD texture: thé/volume fraction is
greater than 0.8 until a plastic deformation rate of 30% and
remains greater than 0.75 until 40%. But for the ND texture
theW fraction decreases rapidly: at 25% plastic deformation
theW fraction is lower than 0.2, and tends then to 0, when
tends to 40%. The LD texture presents an intermediate be-
havior: the volume fractions remain always greater than the
volume fractions of the ND texture and lower than the frac-
tions of the TD texture with increasing plastic deformation.
The plastic deformation is relatively easy for the TD texture.

4.2. Characterization of the deformation modes with a
self-consistent model

For a more accurate analysis of the activities of the de-
formation modes, the self-consistent model developed by
Lebensohn and Tom@1] is used in this section. A com-
plete description of the model has already been presented in
previous workg10,11]

In the model the interaction law between a grain and its
surrounding (homogeneous equivalent medium) is given by:

(4)
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Fig. 4. Recalculated and experimental strength—displacement curves; finite element calculations assuming a Von Mises description of th&lwehaviour

and a very small friction between the tools and the specimen—according to the use of a Teflon lubricant in the interface—described by a Coulomb law
(n = 0.05).
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Fig. 5. Distribution of the Von Mises equivalent stressat ¢ = 40% in the (ND, LD) plane, finite element calculations from the identified parameters.

whereé is the strain rate tensos, the Cauchy stress tensor tensor is chosen:

at the grain scale and and X the same quantities at the LD TD ND
macroscopic level, respectiveM* is the interaction tensor | 1 0 0
determined from calculations over the polycrydts0,11] E=10 0o o (5)
In the present work, the following macroscopic strain rate 0o o -1
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Fig. 6. W volume fraction att = 40% in the (ND, LD) plane, finite element calculations from the identified parameters.
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Fig. 7. Evolution of theW volume fraction with plastic deformation ratefor ND, LD and TD textures.
The shear rate/* on a system¢q) is defined byy® = the mechanisms with the lowest reference resolved shear
)'/5|r5/rg|"—1(rs/rg), whereyj is a normalization factor;* stresses are important. For the LD texture, the activity of
the resolved shear stress on tlgg gystem and the ref- {101 2} twinning is important at the beginning of the defor-

erence resolved shear stress on this sysiem (7 in the mation (activity greater than 0.7 at 2.5% deformation) and
present work). The relative activity of a deformation mode decreases rapidly towards O (it is lower than 0.1 at 25% plas-
(K), noteda(k) is defined by tic strain and lower than 3% at 40% plastic strain). First or-
der pyramidal slip becomes more important with increasing

2ifi (Zk/”/k J') plastic deformation: the average activity is greater than 0.4

a(k) = > fi Oy ©) after 20% of deformation. The activity of basal slip increases

. ‘ . _ o also with deformation (activity near 0.2 at 40%). These ac-

wheref; is the volume fraction associated with th¢ @ri- - yjiies are correlated with the decrease of the activity of
entation, and/® ' the strain rate of thé&' system of typ&k  yinning with deformation. Activation of prismatic glide re-

associated with the)(orientation, and/™" the same quan-  aing important in LD sample during all the deformation
tity for any (s) system. The deformation modes retained process.

for the calculations are prismatic glide (noted P), first or-
der pyramidal glide with{a) and (c + a) Burgers vectors
(noted Pyta) and(c+a)), basal glide noted (B) and 01 2} 4.3. Discussion
tensile twinning (noted1 01 2}). The following reference
resolved shear stresses have been chosen for this material: The good correlation between: (i) the experimental and
7.(P) = 1; 1. (Pyr{a)) = t.(Pyr{c+a)) = 2.5; 7.(B) = 2.5; predicted stress—strain curves; (ii) the evolution of\thpa-
7.({1012}) = 1.2. The average activities of the deforma- rameter for the ND, TD and LD textures indicates that the
tion modes are presented kig. 8 as a function of plastic ~ proposed law for the material gives a satisfying link between
strain. the stress—strain curves and the plastic deformation modes
The calculated average activities are very different for of the samples. The stress levels differences observed exper-
the three initial textures. Prismatic glide is the most ac- imentally for the different samples can be well understood
tive mode in TD: the average activity is greater than 0.9 by the consideration of the “soft” mechanisms of the ma-
up to 40% plastic deformation. This mechanism alone ac- terial, namely prismatic glide and 01 2} tensile twinning
commodates most of the plastic deformation. For the ND which are quite easy to activate during plastic deformation
texture, there is a low activity of tensile twinning (average [1-6,13,24,25]For the TD texture th¢00 02} poles are in
activity lower than 0.05) and there is an important activ- the vicinity of the transverse direction. This particular orien-
ity of basal and pyramidal slips (activities near 0.4 up to tation of the hexagonal cells of the grains allow the reduction
40% plastic deformation). The LD texture is an intermediate and the elongation of the grains by an important activation
case: the activation of prismatic glide afid01 2} twinning, of prismatic glide. Then this result can explain the relative
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importantW fraction obtained for the TD texture for which  for the LD texture. This result is consistent with the initial
the lowest stress levels are measured. On the other handposition of the hexagonal cells in the channel die device. For
the calculations with the self-consistent viscoplastic model this texture the activation of prismatic glide and twinning is

indicate an important activation ¢1 01 2} tensile twinning important but prismatic glide is less active than in the TD
14
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texture. This result can explain the lowef fractions ob- midal slip (with (a) or (c 4+ a) component) is most active.
tained for the LD texture compared to the TD texture. For This activation can explain the relative strong stress levels
ND, activation of prismatic glide anfll 01 2} tensile twin- determined for the ND texture. Experimentally, the activa-

ning is more difficult since the hexagonal cells are initially tion of prismatic glide is more difficult in this sample with
not favorably oriented for these mechanisms. Then, pyra- increasing plastic deformation (strain hardening). This can
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